Background and Purpose-The prediction of death or disability ("poor outcome") after stroke by validated clinical models might be improved by the addition of blood biomarker measurements. We investigated whether such measurements improved the classification of patients into 4 categories of predicted risk of poor outcome: very high, intermediate high, intermediate low, and very low. Methods-We prospectively recruited symptomatic patients within 24 hours of ischemic cerebrovascular events. We measured clinical prognostic variables in each patient. We drew blood soon after admission and measured markers of inflammation, thrombosis, cardiac strain, and cerebral damage. We assessed poor outcome at 3 months with the modified Rankin Scale and recovery of symptoms at 24 hours. We measured the association between blood marker levels and poor outcome after adjustment for stroke severity and age with multivariate logistic regression. Where these associations were statistically significant, we calculated the net reclassification index. Results-We recruited 270 patients with acute ischemic cerebrovascular events. At 3 months, 112 patients had a poor outcome. After adjustment for stroke severity and age, only interleukin-6 and N-terminal pro-brain natriuretic peptide were significantly associated with poor outcome. The addition of either interleukin-6 or N-terminal pro-brain natriuretic peptide to National Institutes of Health Stroke Scale and age did not improve the prediction of a poor outcome. Conclusions-Neither interleukin-6 nor N-terminal pro-brain natriuretic peptide had sufficient predictive power to be of clinical use to predict poor outcome after stroke. The search for better markers to improve the classification of patients across clinically relevant boundaries of predicted probabilities of outcome events needs to continue. Key Words: biomarkers Ⅲ brain infarction Ⅲ prognosis A fter ischemic stroke, the early prediction of death or disability ("poor outcome") is of great interest. Statistical models, constructed with clinical variables such as age or neurological impairment, make similar predictions of poor outcome to experienced stroke physicians. 1 Biomarkers of the processes active in ischemic stroke might add predictive power to these simple statistical models based on bedside clinical examination.
A fter ischemic stroke, the early prediction of death or disability ("poor outcome") is of great interest. Statistical models, constructed with clinical variables such as age or neurological impairment, make similar predictions of poor outcome to experienced stroke physicians. 1 Biomarkers of the processes active in ischemic stroke might add predictive power to these simple statistical models based on bedside clinical examination.
Many studies have examined the association between blood marker levels and poor outcome after stroke. 2, 3 However, the associations seen in group data, unless very strong, do not often lead to better predictions of outcome in individuals. 4 To be useful, a given marker should at least improve on the predictions from validated prognostic variables.
We hypothesized that the addition of biomarker levels to the National Institutes of Health Stroke Scale (NIHSS) and age 5 would improve the prediction of poor outcome (or recovery at 24 hours) in patients with ongoing symptoms due to cerebral ischemia who presented to the hospital soon after the onset. We decided to measure improvement in prediction with a novel statistic, the net reclassification index, which gives a clinically meaningful measure of improvement in prediction. 6 We examined biomarkers of pathophysiological processes that were plausibly associated with poor outcome after stroke after a systematic review of the available literature. 2 
Methods

Ethics Statement
The study was approved by the Scotland A Research Ethics Committee (REC Reference No. 06/MRE00/119). All patients or their relatives provided written informed consent.
Cohort Recruitment
Between March 2007 and February 2009 we included consecutive patients with ischemic stroke or transient ischemic attack who presented in normal working hours with symptoms of Ͻ24 hours' duration that were still present at the time of initial assessment. Because of laboratory availability, patients were only eligible if they could be recruited within normal working hours. All patients were assessed at the time of presentation when they still had ongoing symptoms of their acute "brain attack." A study neurologist assessed each patient in the acute stage and recorded prognostic factors for poor outcome after stroke (age, stroke severity, symptoms in the previous week consistent with infection, medical history, atrial fibrillation, NIHSS); medications at admission; electrocardiographic findings; and time when last seen well. We defined prior cognitive impairment as a history of cognitive problems before the onset of symptoms that were sufficient to impair activities of daily living, elicited by the study neurologist.
For each patient, a panel of experts agreed on a final diagnosis of confirmed ischemic stroke, transient ischemic attack, or not a vascular event after considering the presentation, CT or MRI brain imaging, and clinical course blinded to the results of blood marker levels. We defined an ischemic stroke as a clinically definite stroke in a patient whose brain imaging showed either positive evidence of a relevant ischemic lesion or was normal and excluded intracranial hemorrhage and stroke mimics and where the symptoms lasted for Ͼ24 hours. We used a similar definition for transient ischemic attack, although symptoms had to last for Ͻ24 hours.
Biomarker Measurement
We drew blood from each patient before infusion of any thrombolytic therapy into 2 2.5-mL ethylenediaminetetraacetic acid tubes and an 8-mL tube containing clot activator and gel for serum separation. Samples were transferred on water ice and centrifuged at 3000 revolutions per minute for 10 minutes and the supernatant stored at Ϫ80°C.
In serum and plasma blinded to clinical information, clinical and research laboratories measured as markers of inflammation: adiponectin, C-reactive protein, intracellular adhesion molecule 1, interleukin-6 (IL-6), IL-10, matrix metalloproteinase 9, tissue necrosis factor ␣, von Willebrand Factor, and white cell count; thrombosis: D-dimer, fibrinogen, and tissue-type plasminogen activator; cardiac strain: N-terminal pro B-type natriuretic peptide (NT pro-BNP) and troponin T; and neural and glial damage: tau, S100B, and creatinine, and glucose (see Supplementary Material for detailed methods; http://stroke.ahajournals.org).
Outcome Measurement
At 24 hours, we determined whether the presenting symptoms had resolved completely (to differentiate transient ischemic attack from ischemic stroke). We ascertained vital status by contacting the patient's general practitioner at 3 months after onset and sent surviving patients a short questionnaire based on the modified Rankin Scale (mRS) by mail. If a patient failed to return an interpretable questionnaire by mail, we interviewed them in a structured way by telephone to measure the mRS. We dichotomized a patient's outcome into "poor" if he or she was dependent on others for activities of daily living (mRS scores 3, 4, and 5) or dead and "good" if he or she was independent in activities of daily living 3 months after stroke onset (mRS 0, 1, and 2). We determined the cause of death by inspection of the hospital or general practitioner records.
Statistical Analysis
We examined the association between biomarker levels and delay to admission with a series of correlation analyses. We made adjustment for NIHSS at the time of presentation with multiple linear regression analysis.
We examined the association between clinical variables and blood markers with poor outcome at 3 months with a series of univariate logistic regression analyses. We constructed 2 logistic regression models to adjust for potential confounders. First, in a simple model, we adjusted the association between blood markers with poor outcome for the baseline NIHSS and age. Then in a second series of more complex models, we adjusted not only for NIHSS, age, and premorbid disability, but also for the potentially confounding effects of infection and statins on the associations with inflammatory markers and for the potentially confounding effects of current or previous atrial fibrillation, cardiac failure, or previous cardiac vascular disease on the associations with cardiac markers. We measured the crude association of blood markers with recovery at 24 hours and adjusted these associations for NIHSS and age.
The Additional Predictive Value of Blood Markers Over NIHSS and Age
We assessed if the addition of biomarkers significantly associated with poor outcome made better predictions of poor outcome than a model built based on NIHSS and age alone. 5 We made the most conservative estimate of the improvement in prediction after the addition of blood markers by allowing the association of each clinical covariate with poor outcome to vary. We assessed changes in goodness of fit (Bayes information criterion), calibration (Hosmer Lemeshow 2 ), and discrimination (area under receiver operator characteristic curves) after the addition of biomarkers to the baseline clinical model. We calculated the net reclassification index 6 across the clinically relevant thresholds of predicted risk: 0.1 ("very low risk"), 0.5 ("intermediate"), and 0.9 ("very high risk"). We prespecified thresholds of Ͻ10% and Ͼ90% for predicted probability of poor outcome because we believe that one would need to be very certain of a good or poor outcome before avoiding treatments such as thrombolysis or selecting patients for palliative care only. The net reclassification index examines whether the addition of a biomarker moves those with poor outcome to higher risk categories more often than lower risk categories and those with a good outcome to lower risk categories more often than higher risk categories. Because Bonferroni adjustments for over 5 comparisons are likely to be too conservative, 7 we considered a 2-tailed PϽ0.01 to be statistically significant. We analyzed the data with Stata 11.
Results
We recruited 270 patients who presented with ongoing symptoms due to cerebral ischemia. In 40 patients, the symptoms resolved completely within 24 hours, and in 230, they were persistent (Figure 1) . At 3 months, a mRS score was available for 268 (99%) patients and vital status for all patients. At 3 months, 31 (11%) patients had died and 112 (42%) had a poor outcome. The cause of death was the effects of the original stroke (21), cancer (3), extracranial hemorrhage (2), cardiac arrhythmia (1), myocardial infarction (1), ischemic colitis (1), heart failure (1), and was unavailable in 1. Blood marker data were missing for some patients, although each patient had blood drawn. Data appeared to be missing at random. The clinical characteristics of the study participants are summarized in Table 1 and the levels of blood markers are shown in an online Data Supplement.
Clinical Features and Outcome
The risk of poor outcome doubled per decade of patient age (OR, 2.03; 95% CI, 1.58 -2.62) and per 3-U increase in the NIHSS (OR, 1.98; 95% CI, 1.63-2.39; Table 1 ). A patient with poor outcome was significantly (PϽ0.01) more likely to have atrial fibrillation, prior cognitive impairment, or have been admitted more quickly to the hospital. Treatment with statins before stroke was associated (Pϭ0.02) with poor outcome, but not symptoms of infection at admission (Pϭ0.14). Seven patients were treated with intravenous recombinant tissue-type plasminogen activator.
Blood Markers and Delay to Admission
The median delay to blood draw from symptom onset was 7.1 hours (interquartile range, 3.2-20.1 hours). Although there was a significant correlation (PϽ0.01) between increasing log e delay to blood taking and lower levels of log e D-dimer (rϭϪ0.21), log e IL-6 (rϭϪ0.18), and log e tissue-type plasminogen activator (rϭϪ0.13), after making adjustment in multivariate linear regression for NIHSS at admission, these associations were no longer statistically significant.
Blood Markers and Poor Outcome
The relationship between blood marker levels and poor outcome was approximately log linear for all markers except NT pro-BNP and S100B in which a log e transformation was log linear (Figure 2 ). Although higher levels of most of the markers were positively associated with poor outcome, after adjustment for age and the baseline NIHSS, only the associations with IL-6 (75th:25th centile OR, 2.05; 95% CI,1.23-3.41) and NT pro-BNP (OR, 1.26; 95% CI, 1.24 -4.12) reached statistical significance.
Further adjustment of the association (Supplemental Table  II ) between IL-6 with poor outcome for the prescription of statin medication before admission and symptoms of infection before stroke attenuated this relationship by a small amount (OR, 1.86; 95% CI, 1.10 -3.18). Adjustment of the relationship between log e NT pro-BNP with poor outcome for a prior diagnosis of cardiac failure, atrial fibrillation at the time of admission and prior cardiac vascular disease, also weakened the association to a small degree (OR, 2.09; 95% CI, 1.11-3.93). For other markers, further adjustment made little material difference to the direction, strength, or statistical significance of the associations.
There were no important differences in the magnitude or statistical significance of the associations between any of the blood markers and poor outcome when the analyses were repeated in the subgroup of 190 patients with positive imaging findings.
There was an association of higher levels of NT-pro BNP with continuing symptoms at 24 hours, which remained after adjustment for NIHSS and age (OR, 2.72; 95% CI, 1.25-5.96). The levels of other markers were not significantly associated with clinical outcome at 24 hours (Supplemental Figure I ).
The Addition of Blood Markers to NIHSS and Age
We tested the addition of those markers associated significantly with poor outcome to a baseline model constructed with the covariates NIHSS and age ( Table 2 ). The baseline model was well calibrated and showed good discrimination in this cohort.
The addition of NT pro-BNP or IL-6 to the baseline model significantly improved the goodness of fit but made little additional difference to either the discrimination (measured by area under the receiver operating characteristic curve) or the calibration of the models. Although a few patients moved across clinically relevant boundaries of predicted probability of poor outcome, these numbers were small and not statistically or clinically significant. The full models are summarized in Supplemental Table III .
Discussion
Higher levels of NT pro-BNP and IL-6 were strongly associated with poor outcome 3 months after stroke or transient ischemic attack after adjustment for age and neurological impairment. Despite this strong association, the addition of either NT pro-BNP or IL-6 to NIHSS and age did not improve the classification of patients to an important degree into "very high risk" or "very low risk" of poor outcome 3 months after symptom onset. These findings were not affected by delay to admission, statin prescription, or the presence of symptoms of prior infection, which was a concern in our previous study of IL-6 and poor outcome. 8 It is therefore unlikely that doctors will find predictive instruments that use the measurement of IL-6 or NT pro-BNP clinically more useful than age and NIHSS to predict short-term functional outcome in patients with acute stroke. In addition, only NT pro-BNP was associated with failure to recover by 24 hours after symptom onset, although there are wide limits of uncertainty about the estimates of other markers, because the number of patients with complete recovery at 24 hours was small.
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Our finding of the association between NT pro-BNP and poor outcome after cerebrovascular disease is consistent with several published studies. 9 -11 Plausible explanations for the association are: (1) NT-pro BNP is a measure of early cardiac dysfunction after stroke, which is associated with more severe stroke and worse outcome; (2) NT-pro BNP is associated with cardioembolic strokes, which tend to have a worse outcome that other causes of ischemic stroke; or (3) NT pro-BNP is released from the brain after cerebral ischemia. However, despite the association of BNP with many potential causes of poor outcome after stroke, it does not seem to have a role in clinical prediction of poor outcome.
The significant association of higher levels of adiponectin with poor outcome after adjustment for potentially confounding variables is also of interest, although this did not reach our chosen threshold of statistical significance for this study (Pϭ0.02). In previous studies of the association of adiponectin with death after stroke, lower levels of adiponectin were associated with worse outcome 12 ; our finding suggested that this may not be the case.
To be useful for predicting outcome in clinical practice, markers must either outperform established clinical models when measured alone or improve predictions when added to these models. The net reclassification index 6 is a measure of the number of patients who are better classified across clinically meaningful thresholds after the addition of a new biomarker. Because there is no widely agreed definition of clinically important boundaries for the prediction of poor outcome after stroke, in this study, we chose boundaries after discussion with experienced stroke physicians. However, further work is still needed to determine the boundaries that are most important to patients and less experienced physicians.
Limitations
This study did not aim to elucidate the causal role of particular molecules or the underlying physiological pathways. There are many plausible hypotheses about how higher levels of each marker might cause a poor outcome after cerebral ischemia. However, even in a perfect observational study, free of the influence of selection or information bias, causality is not the only factor that might explain the observed associations. Other explanations include reverse causality, the choice of confounders used for statistical adjustment, and imperfect biomarkers.
We recruited patients with a wide range of severity of baseline neurological impairments and time points of study entry up to 24 hours after symptom onset. A study of a large group of patients with a uniform baseline stroke severity or at a sooner time would have more power to detect important improvements in prediction with blood markers in patients presenting at early time points or with particularly severe (or mild) strokes. However, then the results would be less generalizable.
We measured the mRS outcome by a postal questionnaire and telephone interview, similar to large trials of stroke treatments, 13 although we note that there are problems with most methods of mRS measurement. 14 It is possible that with this method of outcome measurement, our results were affected by a nondifferential information bias, which would tend to weaken the observed associations.
Strengths
This study met almost all the methodological criteria for a reliable study of prognosis. 15 We recruited 270 patients, of whom 112 had a poor outcome at the end of the study. Because approximately 10 outcome events per covariate has been suggested as a "rule of thumb" to ensure logistic regression models have sufficient power, we could examine approximately 10 covariates. 16 Although some patients had missing blood marker levels, these were random so unlikely to have led to an important selection bias. Furthermore, the study was larger than most of the previous studies of blood biomarkers and stroke outcome. By including patients with 'clinically probable" as well as patients with "clinically definite" stroke, we avoided the selection biases associated with including only patients with imaging positive strokes, and therefore our cohort is more likely to be representative of patients with stroke in routine clinical practice. Net reclassification improvement: the difference in correct and clinically useful classifications between models with and without biomarkers at thresholds of predicted probability of poor outcome of 0.1, 0.5, and 0.9. Positive values indicate better prediction with the addition of a marker; negative values indicate worse prediction.
AUROC indicates area under the receiver operating characteristic; NIHSS, National Institutes of Health Stroke Scale; IL-6, interleukin-6; NT pro-BNP, N-terminal pro-brain natriuretic peptide; CI, confidence interval.
Conclusions
We have confirmed the associations between blood markers and poor outcome with effects of a similar magnitude to previous studies. Although these blood markers were therefore of potential clinical value, it is sobering to note that none of the very plausible biomarkers measured in this study added a clinically useful degree of prediction of poor outcome after stroke to that provided by the measurement of the simple clinical variables, the NIHSS and age. Future studies of blood markers for predicting outcome after stroke will need to demonstrate that the candidate marker: (1) has a statistically independent association with outcome; (2) adds statistically significant predictive value to a clinical model; and (3) improves the classification of patients across relevant boundaries of predicted probabilities of poor outcome that have clinical use.
SUPPLEMENTARY MATERIAL
We list the methods to measure each individual marker below:
Inflammation
• Adiponectin (μg/ml): we measured total plasma adiponectin with a commercial enzyme-linked immunosorbent assays (ELISA) (R&D Systems).
The inter-assay coefficients of variation for the assay was < 7%.
• C-reactive protein (CRP) (mg/l): we measured plasma CRP with highsensitivity immunonephelometry (Prospec, Dade Behring Milton Keynes, UK) following the manufacturer's reagents and standards. Intra-and interassay coefficients of variation were 4.7% and 8.3%, respectively.
• Intercellular adhesion molecule-1 (ICAM-1) (ng/ml): we measured plasma ICAM-1 with a commercially available ELISA (R&D Systems, Abingdon, UK). The inter-assay coefficient of variation was <7%.
• Interleukin-6 (IL-6) (pg/ml): we assayed serum IL-6 with a high sensitivity ELISA (R & D Systems, Abingdon, UK). Intra-and inter-assay coefficients of variation were 7.5% and 8.9%, respectively.
• Tumour necrosis factor-alpha (TNF-α ): (pg/ml): we assayed serum TNF-α with a high-sensitivity ELISA (R&D Systems, Abingdon, UK). Intra-assay and inter assay coefficients of variation were 8.4% and 12.5%, respectively.
• Interleukin-10 (IL-10) (pg/ml): we measured serum IL10 with an ELISA assay (R&D Systems, Abingdon, UK). The inter-assay coefficient of variation was 4.5%.
• Matrix-metalloproteinase-9 (MMP-9) (ng/ml): we measured serum MMP-9 with a commercially available sandwich ELISA (R&D Systems, Abingdon, UK).
Intra-assay and inter assay coefficients variation were 4.4% and 10.4%, respectively.
Thombosis
• von Willebrand factor (vWF) (IU/dL): we measured serum vWF antigen with an ELISA using rabbit antihuman polyclonal antibodies obtained from DAKO (High Wycombe, UK). Intra and inter assay coefficient of variation were 3.3% and 4.2%, respectively.
• D-dimer (ng/ml): we measured plasma levels of fibrin D-dimer with a commercially available ELISA from Biopool AB, Umea Sweden. The intra and inter assay coefficients of variation were 4.7 and 5.2%, respectively.
• Fibrinogen (g/l): we measured fibrinogen in plasma by imunonephelometry (Prospec, Dade Behring Milton Keynes, UK) using the manufacturer's reagents and standards. Intra-and inter-assay coefficients of variation were 7.5 and 8.9%, respectively.
• Tissue plasminogen activator (t-PA) (ng/mL): we measured plasma levels of tissue plasminogen activator (t-PA) antigen with commercially available ELISAs from Biopool AB, Umea Sweden. The intra and inter assay coefficients of variation were 6.6% and 6.5%, respectively.
Cardiac Strain
• N-terminal-pro-brain-natriuretic-peptide (NT pro-BNP) (pg/ml): we measured serum levels of NT pro-BNP using the Elecsys 2010 electrochemiluminescence analyser (Roche Diagnostics, Burgess Hill, UK) calibrated using the manufacturer's reagents. Manufacturer's controls were used with limits of acceptability defined by the manufacturer. Low control coefficient of variation was 6.7% and high control coefficient of variation was 4.9%.
• Troponin T (ng/ml): we determined serum troponin T using the Elecsys 2010 electrochemiluminescence analyser (Roche Diagnostics, Burgess Hill, UK) calibrated using the manufacturer's reagents. Manufacturer's control was used with limits of acceptability defined by the manufacturer. The abnormal high (detectable) control coefficient of variation was 2.3%.
Cerebral damage
• Tau (pg/ml): we measured tau in serum with a sandwich ELISA using the Innotest htau antigen (Innogenetics). The coefficient of variation at 479pg/ml was 5.8%. S100 B (pg/ml): we measured S100 B in serum. 96-well microtiter plates were coated Supplementary figure 1 Associations between blood marker levels and failure to recover by 24 hours after symptom onset after stroke or TIA *Adjustment made for NIHSS and age. The OR is the ratio of odds of poor outcome in the 75 th to the 25 th centile of plasma or serum marker to allow comparison of the relative strengths of associations between different markers. P-values are derived from Wald tests and determine if the reported OR is significantly different from 1. OR>1 indicate higher marker levels are associated with worse outcome
